Compartmentalization is an important organizational feature of life. It occurs at varying levels of complexity ranging from eukaryotic organelles and the bacterial microcompartments, to the molecular reaction chambers formed by enzyme assemblies. The structural basis of enzyme encapsulation in molecular compartments is poorly understood. Here we show, using X-ray crystallographic, biochemical and EM experiments, that a widespread family of conserved bacterial proteins, the linocin-like proteins, form large assemblies that function as a minimal compartment to package enzymes. We refer to this shell-forming protein as 'encapsulin'. The crystal structure of such a particle from Thermotoga maritima determined at 3.1-Å resolution reveals that 60 copies of the monomer assemble into a thin, icosahedral shell with a diameter of 240 Å . The interior of this nanocompartment is lined with conserved binding sites for short polypeptide tags present as C-terminal extensions of enzymes involved in oxidative-stress response.
Compartmentalization of enzymes confines metabolically related reactions and occurs in all domains of life. Large eukaryotic compartments are organelles such as mitochondria, lysosomes or the peroxisomes. On a much smaller scale, microcompartments built entirely of protein subunits have been described. A prominent example of a bacterial microcompartment is the carboxysome, which packages the enzyme ribulose bis-phosphate carboxylase oxygenase (RuBisCO) by forming polyhedral bodies with a diameter of 80-140 nm [1] [2] [3] . Similar microcompartments built from related shell-forming proteins, the eut and pdu organelles, are also likely to package enzymes involved in metabolic reactions 1, 4, 5 . An example of an eukaryotic molecular compartment built from protein subunits is the vault particle 6 . Formation of cellular or molecular compartments increases the local concentration of enzymes, facilitates substrate transfer between a series of connected reactions and sequesters potentially toxic substrates or products. Ferritin, for example, is an octahedral protein cage that oxidizes the highly toxic Fe(II) ions and deposits them into its cavity as an insoluble ferrihydrite form 7 . Some multienzymes and enzyme complexes, such as the pyruvate dehydrogenase complex 8 , lumazine synthase 9 or the fungal fatty acid synthase 10 , form reaction chambers into which substrates can enter but from which other macromolecules are excluded.
A large, yet little characterized family of conserved bacterial proteins (recently also detected in the archae Candidatus methanoregula; Fig. 1 ) forms high-molecular-weight assemblies with a diameter of about 20 nm 11, 12 . In the literature, they are referred to as linocin-like proteins based on the observation that they are abundant in the culture supernatant of Brevibacterium linens, which shows bacteriostatic activity toward various strains of Listeria, Corynebacterium, Brevibacterium, Arthrobacter and Bacillus 11 . A close homolog of the B. linens protein (58% identity) was found in Mycobacterium tuberculosis. However, neither the native nor recombinant form of this protein, CFP29 (culture filtrate protein with a mass of 29 kDa), showed bacteriostatic activity against various Listeria strains 13 . In Thermotoga maritima, the homologous protein was characterized as a homomultimeric protease 12 , and it was shown to have proteolytic activity against various small synthetic peptides. Bactericidal activity against closely related species was tested but no growth inhibition was found 12 .
In light of the varied biochemical data regarding the function of this poorly characterized protein family, we decided to study it structurally. We purified the protein from the thermophilic organism T. maritima, crystallized it and determined its structure by X-ray crystallography. On the basis of the structural information we were able to design biochemical and EM experiments to establish that these proteins, which we refer to as encapsulins, form nanocompartments that contain ferritin-like proteins or peroxidases, both enzymes involved in oxidative-stress response. We demonstrate that these enzymes are targeted to the interior of encapsulins via unique C-terminal extensions.
RESULTS

Thermotoga maritima encapsulin forms a large spherical shell
We have determined the crystal structure of the T. maritima encapsulin at 3.1-Å resolution using noncrystallographic symmetry averaging (for details, see Methods). Sixty monomers of T. maritima encapsulin assemble into a spherical superstructure with icosahedral T ¼ 1 symmetry, a diameter of 230-240 Å and a thickness of 20-25 Å (Fig. 2) .
The 31-kDa monomer shows substantial structural similarity to viral capsid proteins, although the sequence homology is weak. It consists of three parts labeled P, A and E (for peripheral and axial domain and elongated loop; Fig. 2c ) in analogy to the nomenclature of the major capsid protein gp5 of the HK97 virus 14 and the recently solved structure of a virus-like particle from Pyrococcus furiosus (PfV) 15 . The P-domain forms the main body of the structure. It consists of a mixed a/b structure, contains the N terminus and is fragmented with regard to primary sequence (Fig. 1 , orange secondarystructure bars). A conserved hydrophobic core is located between the helical and b-sheet regions. The E-loop is responsible for the formation of contacts between the two-fold symmetry-related subunits by providing a strand that completes a b-sheet formed by both subunits. The A-domain forms a compact structure consisting of three helical segments and a five-stranded b-sheet, which also contains the C terminus. This domain has few connections to the rest of the monomer and mediates all contacts of the five-fold symmetry interface. The loop region close to the five-fold axis between helices a6 and a7 is particularly flexible, as judged on the basis of electron-density features and high-temperature factors.
Encapsulin forms a thin shell with several openings. Two holes are located at the points of particle symmetry (Fig. 2d,e) and one of them is at the interface between two subunits (Fig. 2f) . The latter forms a strongly negatively charged channel, whereas the three-fold hole contains six positively charged residues, and the residues forming the five-fold hole are uncharged. Additional density can be seen at the five-fold axis, probably originating from a metal ion coordinated by backbone oxygens.
Comparing encapsulin to the two related shell proteins of PfV 15 from archaea and of gp5 from the head II structure of the HK97 bacteriophage 16 , most structural elements are conserved (Fig. 3a) and the packing interactions of the monomers in the particle are similar (Fig. 3b-d) . The r.m.s. deviation values for the structural alignments of encapsulin to the two proteins are 2.39 Å for 199 residues of PfV and 2.65 Å for 178 residues of gp5; the smaller number of residues in the latter case is due to the absence of the N-terminal helix (a1) in the phage protein (Fig. 3a , below left, inset). The most striking difference is the 601 rotation of the E-loop in encapsulin compared to the related
70 80 90 100 110 Figure 1 Alignment of selected encapsulin proteins. Red indicates identity and orange homologous substitution. Indicated below the alignment are the helical (cylinders) and b-sheet (arrows) regions deduced from the T. maritima crystal structure. The helix and b-sheet depictions are colored according to which domain they belong to: orange for P, blue for A and cyan for E. The numbers above the alignment refer to the T. maritima sequence. The residues within 4 Å of the bound peptide are marked with an asterisk.
structures (Fig. 3a , bottom right, inset). The E-loops are responsible for tight, two-fold interactions in encapsulin ( Fig. 3b-d ) that are not observed in the larger PfV and HK97 particles. Large differences are also observed in the loops at the tip of the A-domain, which is responsible for the interactions at the five-or pseudo six-fold axis ( Fig. 3 , top left, inset). Notably, although at the sequence level encapsulin and PfV are more closely related than either is to gp5, encapsulin and the phage capsid protein both have an insertion loop at the end of helix a4 that is not present in PfV (Fig. 3a , top right, inset). During the refinement of the model, additional electron density in the vicinity of the N terminus became evident, and this could not be explained by the amino acid sequence of the encapsulin protein alone (Fig. 2g) . This short, continuous stretch of the F o -F c difference density shows features consistent with a bound peptide and can be observed in all ten monomers of the asymmetric unit. The three disordered residues of the N terminus cannot explain this extra feature, as it is disconnected from the main chain electron density and is longer than could be accounted for by only three amino acids.
Analysis of the genetic context of encapsulins
A position-specific iterative BLAST search 17, 18 starting with the T. maritima encapsulin reveals 49 homologous proteins (as of December 2007). A closer look at their genomic context shows that almost all of them are part of an operon that codes for two proteins, where the gene for encapsulin lies downstream. In 28 cases the preceding protein is a specific type of peroxidase (referred to as dyedecolorizing peroxidase, DyP 19 ), and in 17 cases the preceding protein is related to ferritin (ferritin-like protein, Flp). The space between the two genes is in most cases small or they are even overlapping by a few bases, suggesting tight translational coupling (Fig. 4a) . We analyzed the DyP proteins and found that they are in general highly homologous, but when they appear in an operon with encapsulin they ubiquitously show a C-terminal extension of 30-40 amino acids (Fig. 4b) ; the same is also true for Flps. The extension consists of a region of variable length with a high content of alanine, glycine and proline residues, followed by a conserved anchor sequence (Fig. 4c) . DyP proteins were first characterized in 1999 when their ability to decolorize various artificial dyes was found 19 . They belong to a large family of heme-containing peroxidases consisting of more than 150 bacterial and 6 eukaryotic (fungal) members. There are several structures available of DyP proteins, two from bacterial members (PDB 2HAG and PDB 2GVK) and one from a fungus (PDB 2D3Q), but so far their function in vivo is still unclear.
In some organisms, mostly anaerobes and/or thermophiles, the gene for encapsulin is preceded by putative ferritin-like proteins. The structure of such a protein from Nitrosomonas europaea ATCC 19718A (56 % sequence identity to the T. maritima ferritin-like protein) was solved as part of a structural genomics project 20 , but no detailed functional analysis was carried out. It forms a pentamer of dimers arranged in a ring-like structure ( Supplementary Fig. 1b online) . The monomer consists of two long antiparallel a-helices of about 30 residues each, followed by a shorter 10-12-residue helix. This fold is similar to the one observed for ferritins ( Supplementary Fig. 1c ). Although ferritins have a different quaternary structure (they form a 24-mer, and a single subunit consists of four helices), the residues responsible for the di-iron binding in the ferroxidase center are at the same position in this ferritin-like protein. The active-site residues superimpose well ( Supplementary Fig. 1d ), therefore making a role in iron metabolism likely.
Combining the crystallographic evidence for the additional density on the inside of encapsulin with the analysis of the genomic environment suggests that ferritins and peroxidases with unique C-terminal extensions interact with encapsulins. According to the Rosetta Stone method for predicting protein interactions 21 , two proteins are likely to interact if they have a homolog in a different organism where both are fused on one single polypeptide chain. Indeed, it is possible to identify larger proteins (343-373 amino acids) that in part align to encapsulins and are present in archae. One of these is the above-mentioned PfV/ virus-like particle of P. furiosus 15 . Notably, the first 109 amino acids of PfV, which are disordered in the structure, cannot be aligned to encapsulins. However, this region shows substantial similarity with the ferritin-like protein from T. maritima, both in the sequence of the conserved ferroxidase active-site residues ( Supplementary Fig. 1a ) and its predicted secondary structure. The two regions of the sequence are not separated by an alanine-, glycine-and proline-rich sequence, unlike the extension sequences found in the above-mentioned peroxidases and ferritin-like proteins. Binding sites are located in the interior of encapsulin Judging from its features, we concluded that the additional segment of electron density on the interior of the T. maritima encapsulin might arise from a bound peptide. We could obtain a good fit to the density by interpreting it with a sequence of the anchor region of the C-terminal extension of the ferritin-like protein expressed in the same operon as the T. maritima encapsulin (Fig. 4d) . The GGDLGIRK peptide (Fig. 4c) built into the additional density refines well to produce a model with good geometry, and results in a better overall R free factor. The interaction between the peptide and the binding pocket on the interior of the spherical shell makes sense chemically, because leucine and isoleucine are buried in a conserved hydrophobic pocket formed by the amino acids Phe30, Leu34, Leu233 and Ile249. The electron density also provides evidence for a salt bridge between the aspartate and the arginine residues in the sequence and a kink induced by the central glycine residue. The two central hydrophobic residues separated by one glycine provide the register, whereas the directionality is defined by the two N-terminal glycine residues, which would not fill enough density if the direction of the trace was reversed.
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Further tracing of the ferritin-like protein is not possible owing to the flexibility of the extension. The protein would then disobey the crystallographic symmetry and would, therefore, not be visible in electron-density maps. Notably, the structure of the N. europaea ferritin-like protein (PDB 1ZPY, which has a sequence identity to the T. maritima homolog of 55%) forms a pentamer of dimers in which five C termini are separated by distances that would agree with the location of the additional density inside the encapsulin. The residues on the inside surface of encapsulin surrounding the binding site have a high degree of conservation (Figs. 1 and 4d) , and, furthermore, the inside of the particle is in general much more conserved than the outside. Further experimental support for the packaging of the putative ferritin inside the T. maritima encapsulin particles, purified from a native source, is provided by the presence of the ferritin-like protein in washed and dissolved crystals that were subjected to trypsin digestion and MS analysis, as well as the observation that the crystals are dark yellow in color, indicating accumulation of iron, also confirmed with an X-ray fluorescence scan (data not shown).
Packaging of oligomeric DyP
To demonstrate experimentally that the extension sequence targets the cargo proteins to the interior of the particle, we recombinantly expressed the two-gene operon from B. linens M18; this encapsulin protein is considered a prototypical example and was also the most extensively studied 22 . Purification according to the sedimentation coefficient using a 10-50% (w/v) sucrose gradient followed by anion-exchange chromatography showed that B. linens DyP (BlDyP) specifically comigrates with encapsulin (Fig. 5) . EM analysis of the particles from the coexpression reveals additional protein inside the shells (Fig. 5d) that is not present when encapsulin is expressed alone (Fig. 5b) or when a DyP without the C-terminal extension is expressed (Fig. 5c) . The protein packaged into the encapsulin shell has similar size and shape to the isolated BlDyP, which, according to EM results, forms multimeric assemblies (Fig. 5e) .
We then proceeded to calculate a three-dimensional reconstruction of the BlDyP at 16 Å using negative-stain EM. The monomers of a related peroxidase from Bacteroides thetaiotaomicron could be fitted into the reconstructed density revealing a trimer of dimers with D3 symmetry-the same oligomeric arrangement as observed for this peroxidase in the crystal 23 (Fig. 5f ). The only difference is some additional density at the C terminus, which can be accounted for by the extension of BlDyP (Fig. 5f, dotted arrows) . If the BlDyP particle is modeled into the T. maritima encapsulin shell, the three-fold-related C-terminal extensions are optimally spaced for interactions with the proposed anchor binding sites (Fig. 5g,h ).
DISCUSSION
Here we present the structure of T. maritima encapsulin together with biochemical and EM evidence for a cellular compartment that encapsulates enzymes. Encapsulins are newly characterized bacterial nanocompartments with functional similarities to larger bacterial microcompartments. The packaged enzymes are targeted to the interior of encapsulins via a specific peptide tag located on their C terminus (Fig. 6) . The B. linens M18 encapsulin was previously reported to act as a bacteriocin, and was therefore referred to as Linocin M18. This proposed function is unlikely, because the recombinantly expressed shell does not show bactericidal activity, nor did increasing the purity of the native B. linens M18 encapsulin correlate with an increase in bactericidal activity (Supplementary Data and Supplementary Fig. 2  online) . Although the T. maritima encapsulin was classified as a protease 12 , no structural features that would potentially constitute a protease active site could be identified in the structure.
Although encapsulins are conserved among each other, there is no significant homology to structural virus proteins on the level of amino acids, which explains why this similarity was not obvious from sequence analysis. Nevertheless, it is possible that this protein originated from a viral capsid, but this must have happened very early in evolution considering that no other genes of viral origin are found in the vicinity of encapsulin genes and the fact that encapsulins are found in bacteria and archaea from many different environments. This would support the hypothesis of a common viral ancestor that was present before the host organisms diverged 24 , a possible candidate being the HK97-like virus ancestor, previously proposed to have emerged before the separation of the bacterial and archaeal kingdoms 24 . Because proteins in a genome are not subjected to evolutionary change in the same way as viruses are, encapsulins potentially provide a unique view into a minimal ancestor of the large and widespread HK97 lineage of viruses. Although encapsulins are most likely to be of viral origin, their herein-described cellular function shows that viruses could have originated from a similar cellular assembly by a switch of the specificity from encapsulating proteins to encapsulation of nucleic acids.
As the packaged peroxidase and ferritin-like protein are oligomers, they are likely to form several interactions with the interior of the encapsulin, based on the symmetry match between the C-terminal extensions and the distribution of binding sites in the interior of the encapsulin (Fig. 5g,h) . The multiple binding contacts will increase the avidity of the interaction and the specificity of packaging. Consequently, efficient packaging would occur even if the affinity of individual interactions is low. Binding of the multimeric enzymes to the encapsulin subunits may also help in assembling the icosahedral shell, but this interaction can not be crucial because empty encapsulins can be observed in electron micrographs (Fig. 5b) .
Considering the size of the D3 hexamer of BlDyP, with a weight of 240 kDa and dimensions of about 100 Å in each direction, it is unlikely that more than one DyP complex could be accommodated within the 220-Å inner diameter encapsulin shell (Fig. 5g) . Consequently, most filled encapsulin particles visualized by negative-stain EM suggest that one peroxidase complex is encapsulated, resulting in a 10:1 stoichiometry of encapsulin to the packaged peroxidase (60 encapsulin monomers build the shell packaging one peroxidase hexamer). The pentamers of dimers of Flp packaged through interactions with the pentamers of T. maritima encapsulin are smaller, and they could in principle fully occupy the interior of encapsulin by binding to all 12 pentamers. High occupancy of interactions is also likely on the basis of our crystallographic data, which revealed a clear density for the anchor sequence of the encapsulated ferritin-like protein.
The two different packaged proteins are a peroxidase and a protein that has the same fold as ferritins and contains the ferroxidase active site. The reactive centers of the ferritin-like protein packaged within the particle could oxidize the reactive ferrous ions, which would then be retained in the huge interior of the particle in a mineral ferrihydrate form. The size of the particle (inner diameter of 220 Å compared to 80 Å for ferritin) makes it possible to store vast amounts of iron. The pores in the shell of encapsulin (Fig. 2d-f) resemble those of ferritin, where also conserved charged and hydrophobic channels are observed 25 . Notably, because ferrous ions can react with peroxide to generate toxic hydroxyl radicals (the Fenton reaction), removing excess ferrous ions also protects the organism from the adverse effects of metabolically produced peroxide 26 . The presence of these ferritinlike proteins in anaerobic bacteria, where, owing to the absence of oxygen, iron toxicity is usually not a problem, can be explained as a protective mechanism in case of oxygen exposure 27 . This might be especially important for these organisms, as they generally have low levels of superoxide dismutase and catalase 28 . Similarly, in pathogenic bacteria like Mycobacteria, a peroxidase packaged within the encapsulin shell could provide resistance to the oxidative killing mechanisms of the host. Overexpression of a peroxidase can increase viability of certain M. tuberculosis strains in human monocytes 29 .
When encapsulin is compared to larger bacterial microcompartments, such as the carboxysome, several parallels become evident, although the monomers differ substantially. The recently published model of the carboxysome shows a large icosahedral body formed by hexamers with a different protein at the pentamer vertices 3 . The T ¼ 1 structure of T. maritima encapsulin is built from pentamers only, whereas in the T ¼ 3 homolog from P. furiosus the same protein forms both pentamers and hexamers. This flexibility of the encapsulin monomer structure may allow formation of even larger icosahedral particles. The substrates and products of bacterial microcompartments involve mainly small metabolites whose access to the microcompartment is limited by selective pores at the axis of symmetry 30, 31 . Pores of similar dimensions are observed in the encapsulin. Furthermore, the sequestration of iron in a mineral form in the interior of the encapsulin can be compared to the proposed function of pdu organelles (with homology to the carboxysome microcompartment shell proteins) in sequestering propionaldehyde to reduce cytotoxicity 4 . In light of these parallels, the molecular basis of enzyme packaging in other bacterial microcompartments may rely on similar principles to those described here for encapsulin. Indeed, the b and g subunits of diol dehydratase, which is packaged into the pdu microcompartments, have flexible N-terminal regions that are not necessary for enzymatic function 32 . These show a similar pattern of a conserved sequence, with a few hydrophobic residues followed by a less conserved linker region. Packaging of enzymes into the encapsulin shell could have a protective role for the enzymes it carries. Owing to the extreme structural stability over a wide range of temperatures and pH values, as observed for the T. maritima and B. linens encapsulins 33 , the shell would extend the lifetime of the enzyme considerably. Encapsulation does not prevent the enzymes from functioning, because small molecular substrates such as iron ions or hydrogen peroxide can easily penetrate the shell. The pores in the shell even have the potential to modulate the substrate spectrum of the enzymes by imposing a size restriction on the molecules capable of entering the compartment.
The specific targeting sequence could be of use in biotechnological applications to package various proteins or enzymes inside the stable self-assembled icosahedral shell of encapsulin, to either protect the enzyme from proteolytic degradation or the cell from a toxic enzyme. With these applications in mind, an icosahedral enzyme complex, lumazine synthase, was engineered to encapsulate target molecules by means of charge complementarity 34 .
Many more bacterial compartments might exist in nature, but they are difficult to detect at the sequence level because of the diversity of building blocks that can form molecular shells. A combination of structural biology techniques such as X-ray crystallography and EM together with genomics, proteomics and recombinant expression methods provides a powerful approach to study such systems.
METHODS
Protein purification and crystallization. Thermotoga maritima was grown in MMS medium 35 at 85 1C and harvested in the late exponential phase by centrifugation (yielding about 200 g wet weight per 300 liters) 35 . The cell pellet was stored at -80 1C. Cell pellets were resuspended in buffer A (20 mM Tris, pH 7.4, 150 mM NH 4 Cl, 20 mM MgCl 2 , 6 mM b-mercaptoethanol) and lysed with an Avestin EmulsiFlex-C5. Cleared lysate was applied on a 38% (w/v) sucrose cushion, and encapsulin was pelleted with an ultracentrifugation spin in a Ti-70 rotor (21 h at 100,000g). The pellet was resuspended and loaded on a 10-50% (w/v) sucrose gradient and spun for 17 h at 100,000g in a SW-32 rotor, and the fractions containing encapsulin were pooled. The protein was then dialyzed into buffer A for crystallization. We carried out crystallization in sitting-drop plates at a protein concentration of 5-15 mg ml -1 and 2-4 ml samples were mixed with an equal volume of reservoir solution.
Plates were incubated at 19 1C and crystals with a size of approximately 250 Â 250 Â 100 mm appeared after several days. Crystals were found with a reservoir condition of 0.1 M citrate, pH 5.1, 21.5% (v/v) 2-methyl-2,4-pentanediol (MPD) and 250 mM ammonium acetate. Before flash freezing in liquid propane, the crystals were stabilized by increasing the MPD concentration to 45% (v/v).
Recombinant protein expression and purification. The DyP/encapsulin operon was amplified from genomic DNA of B. linens M18 and cloned into a pET21a vector (Novagen). The plasmid was transformed into Rosetta (DE3) cells by electroporation and used for inoculation of a culture that was induced with 0.1 mM IPTG and grown overnight at 22 1C. Purification was performed analogously to that described for the T. maritima protein (in buffer A without b-mercaptoethanol). The fraction of the sucrose gradient containing encapsulin was then loaded onto a MonoQ column and eluted with a gradient from 150 mM to 1 M NH 4 Cl to remove remaining impurities, yielding 495% pure protein. Because the expression rates are the same for both proteins but only an estimated six monomers of DyP peroxidase are packaged into the shell formed by 60 encapsulin monomers, there is a large excess of BlDyP (Fig. 5a, lane 7) . The fraction that is not packaged was separately purified by anion-exchange chromatography followed by gel filtration, yielding 495% pure protein (Fig. 5a, lane 4) . The purified protein sample contained heme cofactor, as judged by a characteristic UV absorption at 407 nm, and was active in oxidizing guaiacol, a typical substrate for peroxidases 36 (data not shown).
Structure determination and refinement. Native data were collected at 100 K with 0.31 oscillation at a wavelength of 1 Å at the X06SA PX beamline of the Swiss Light Source (Paul Scherrer Institut). Diffraction data were recorded with a 165-mm marCCD detector and processed with XDS/XSCALE 37 . The data used for structure determination were collected from a single crystal, which diffracted to 3.1 Å and belonged to the space group F4 1 32 with cell dimensions of a ¼ b ¼ c ¼ 669.04 Å . Self-rotation functions 38 were calculated using the program GLRF 39 , and from symmetry constraints it was possible to deduce that there is only one possible position of the particle in the unit cell and two rotational solutions differing in a rotation of 1801 around the crystallographic three-fold axis. The asymmetric unit contained 10 monomers, with a three-fold and a two-fold axis being shared between crystallographic and particle symmetry, generating the full 60-subunit T ¼ 1 icosahedral particle. The overall dimensions of the particle were known from previous EM experiments and were used to generate masks for ten-fold crystallographic symmetry averaging. The thickness of the masks was varied from 40-80 Å , and the diameter of the shell was sampled in 2-Å increments from 240-260 Å . Starting phases were generated from a model that contained randomly positioned atoms within spherical shells of diameter 240-250 Å . We then carried out averaging in small resolution increments from 10 Å to 3 Å with the RAVE and DM packages 40, 41 . We obtained the first indications of a correct phasing procedure when we observed a clear solvent-protein boundary inside the protein mask. The initial density was found to be inverted both concerning the sign of the phase angle (-j) and the handedness (j-1801). Because of the nontrivial inversion for this space group, the simplest solution was to build a Ca trace, apply the inversion transformation ( 3 / 4 -x, 1 / 4 -y, 3 / 4 -z) to the coordinates and use this as a starting model for averaging. The calculated density with correct handedness enabled building of a model that was then refined with Refmac 42 and Phenix 43 . We set aside 5% of the reflections for R free calculations and applied strict noncrystallographic symmetry restraints in all refinement steps. Because of the differences in the crystal packing at the five-fold axes, one of the two pentamers in the asymmetric unit has slightly lower B-factors. Data collection and refinement statistics are shown in Table 1 , and a stereo image of the model and electron density is shown in Supplementary Figure 3 online. The Ramachandran plot shows 81.4% of the residues in the most favored regions, 17.7% in the additionally allowed regions, 0.5% in the generously allowed regions and 0.4% in the disallowed regions (Lys242 is in a special g-turn conformation). The omit maps shown in Figures 2g and 4d were calculated by removing the peptide coordinates from the model and then subjecting all atoms to a random 0.5-Å shift, followed by refinement against the crystallographic data. Structures were aligned according to secondary-structure matching with superpose 44 . The structure comprises amino acids Met4 to Lys267; the three missing residues of the N terminus and the C-terminal Phe268 are disordered but present according to MALDI-MS of dissolved crystals.
Electron microscopy. We prepared EM samples from the B. linens DyP/ encapsulin coexpression and DyP expression by conventional negative staining 45 . Briefly, a solution of B. linens DyP/encapsulin or DyP was adsorbed to a thin carbon film and stained with 2% (w/v) uranyl acetate solution for 2 min. For the general views of the B. linens DyP/encapsulin and B. linens DyP, images were obtained at 40,000Â magnification on a Fei Morgagni 268 electron microscope and 60,000Â magnification on a Fei F20 electron microscope with CCD cameras. For three-dimensional reconstruction of the B. linens DyP, images were taken at 100,000Â magnification under low-dose conditions at 0.7-1.5 mm defoci with a Fei F20 electron microscope equipped with a Tridiem Gatan energy filter at 200 kV on a Gatan UltraScan 1000 FT CCD camera (14 mm pixel size). We obtained image series using the TOM software toolbox 46 . A total of 2,878 single-particle images were CTF corrected 47 , computationally coarsed to a final pixel size of 2.8 Å and used for image processing with the Imagic-5 software 48 . After a 'reference-free' alignment procedure 49 , images were subjected to a multivariate statistical analysis 50 and classification. The class averages were used for three-dimensional structure determination by the angular reconstitution approach 51 . In the refinement cycles, D3 point group symmetry was applied to the three-dimensional reconstruction. The resolution of the structure calculated by the Fourier shell correlation (FSC) function using the 3 s criterion and 0.5 criterion was found to be 16 Å and 18 Å , respectively. The 3 s FSC threshold curve was multiplied by O6 to account for the six-fold redundancy of the D3 point group symmetry 52 . A homology model of the B. linens DyP was obtained using the structure of B. thetaiotaomicron DyP (PDB 2GVK) 23 
